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Abstract - The vacuum/dielectric interface of insulators is often
the weakest part in high voltage and pulsed power systems.
Surface flashover can occur for electric field values much lower
than that of bulk breakdown through the material. Although
much empirical data and many theories can be found in the
literature, there are no models that can be used to optimally
design insulators and reliably predict when flashover will occur.
In this presentation we will discuss the results of a FDTD-PIC
code that is being used to model physics phenomena common to
many flashover theories.

In order to simulate the initiation of vacuum insulator
flashover, VORPAL [1] is being used on the Linux clusters at
LLNL. In [2] we presented the results for implementing physics
modules that included the effects of field distortion due to the
dielectric, Fowler-Nordheim field emission, low energy secondary
emission, insulator charging, and magnetic fields. We have
extended our previous work to include a thin gas layer near the
surface of the insulator. Electrons may cause ionization
depending on their energies and the collision cross section of the
gas. The inclusion of these physics effects leads to a more
complete model and better understanding of vacuum insulator
flashover.

I. INTRODUCTION

Insulators are critical components for many high voltage and
pulsed power systems. Since an arc across the surface of an
insulator often occurs at much lower electric fields than bulk
breakdown through the material, much research has been
performed recently at LLNL on surface flashover [2-6].
Although many useful experiments have been performed on
surface flashover over the past half-century, none have
resulted in any reliable models/theories that can be used to
shape insulators and surrounding electrodes for optimum hold
off. There are also no reliable models/theories that can predict
when flashover will occur or that include different operating
conditions such as U.V., magnetic insulation, background
gases, and voltage pulse shape. Unfortunately, it is often
difficult or prohibitively expensive to create test stands that
replicate the environment that insulators must operate under.

These difficulties have resulted in an LDRD effort at LLNL
to create a computational model for surface flashover. Due to
advances in multi-physics codes and computing power, this
problem can now be investigated computationally. The
complex coupled physical process involved during breakdown
necessitates a multi-physics code, such as VORPAL, be used
to gain further understanding and help guide future flashover
experiments.

The results in this paper extend on what was presented in [2]
by including a static background gas that can be ionized. We
will focus on two geometries, a -30° and a +55° insulator. For
simplicity, we will use a slab geometry in which the angled
insulator with a dielectric constant of 2.7 is placed between
parallel plate electrodes. The simulation domain is periodic in
the x-direction and has absorbing boundaries at the two ends.
A pulse with an E, equal to 200 kV/cm is used for excitation
and a static B-field subtracts out the B-field of the pulse. A
small patch near the cathode triple junction (CTJ) and strip on
the insulator surface are allowed to field emit via Fowler-
Nordheim. An electron that strikes the insulator or electrodes
may produce secondary electrons if its energy is not too high
or too low. Some modifications were made to the VORPAL
code field emission and secondary electron emission modules
for our particular application [2]. It was demonstrated in [2]
that VORPAL correctly charges the insulator whether an
electron is absorbed (charges negatively) or created via field
emission and secondaries (charges positively).

Figures 1 and 2 show the evolution of the electrons with the
conditions discussed above for the -30° and +55° insulators.
In these simulations there is no gas or ions present and no
particles are present on the right hand side of the insulator.
The figures show the evolution of the electrons by viewing the
geometry from the side as well as the face of the insulator
(viewing along the z-axis). They also show E, and the number
of macro-particles in the simulation (which represent the
electrons). One can see that for the -30° insulator, electrons
are first created via field emission from the cathode due to the
enhanced field at the CTJ. They then begin to cascade along
the insulator due to secondaries. By comparing the right hand
and the left hand sides of the E, plot, one can see how the
insulator surface has charged. It is interesting to compare Fig.
1 to Fig. 8 in [2] to see how changing the incident energy and
angle changes the results. For the +55° insulator electrons are
first created via field emission from the insulator due to the
enhanced fields near the anode triple junction (ATJ). They
then propagate down towards the cathode due to field
emission. For both cases one can see that saturation is quickly
reached and the number of macro-particles in the simulation
begins to decrease. This indicates that other effects must be
included to simulate flashover, such as gas ionization.

*This work performed under the auspices of the U.S. Department of Energy
by Lawrence Livermore National Laboratory under Contract DE-ACS52-
07NA27344.
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Fig. 1. The electrons and E, for a -30° insulator with no gas at different times.
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Fig. 2. The electrons and E, for a 55° insulator with no gas at different times.
II. ELECTRON COLLISIONS WITH NEUTRALS

A common hypothesis in flashover theories is that gas
desorption from the surface of the electrodes and/or insulator
occurs. The gas is then ionized by impacting electrons. Since
H,0 coats the surface of electrodes and insulators in many
pulsed power systems, it is expected to be the gas of most
interest. When electrons strike surfaces electron stimulated

desorption and thermal desorption can occur [7]. Due to the
ratio of electric field to pressure, ionization of the gas by
electron impact is expected to be the most important type of
collision [8]. However, other types of collisions can’t be
neglected because they can scatter electrons towards the
surface of the insulator to create secondaries.

Our version of VORPAL includes a static background gas
model that can be ionized. Various cross sections of H,O
were found by fitting curves to data in the literature [9, 10]
and used in VORPAL. For the ionization cross section, the
cross sections of H,O, as well as its various products (OH, O,
...) were added together in an approximation similar to that
discussed in [11]. Figure 3 shows the ionization cross section
of H,O and other gases, as well as the results of propagating a
20 eV electron beam through a 2 mm slab of H,O. The
density of H,O was picked such that half the electrons
undergo ionization using exp[-Ay/n,*c(20eV)] = 0.5. By
comparing the number of macro-particles for ions to incident
electrons we obtain 0.5. Figure 3 exhibits how the electrons
are scattered and the direction of the created electrons. One
can also see the kinetic energy of the electrons in the beam,
the scattered electrons, the created electrons, and the ions.

To adequately include the effects of elastic collisions and
other inelastic collisions the VORPAL code was modified.
The modifications follow the Monte Carlo technique discussed
in Sect. IX of [12]. The type of collision is determined by first
normalizing the different collisional processes then using a
random number to pick the type. A rough approximation of
Eq. (81) in [12] was used to determine the scattering angle for
the elastic and inelastic (other than ionization) collisions. An
energy of 15 eV was used in Eq. (81) for incident electrons
less than 15 eV because the differential cross section of H,O
has a large forward component for low energies. With the
added cross sections and the method discussed above, the
experiment in Fig. 3 was repeated with results shown in Fig. 4.
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Fig. 3. The effects of an electron beam (red) ionizing a static gas (H,O),
creating “chargeless” ions (blue) and “chargeless” electrons (green), as well as
scattering the beam.
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electron beam (red) colliding with a static gas (H,O), creating “chargeless”
ions (blue) and “chargeless” electrons, as well as scattering the beam.

III. EFFECTS OF INCLUDING A STATIC GAS

Next, we discuss the effects of adding a static background
gas that decays as Distance” from a peak density at the
insulator surface to zero over 1.8 mm. First, the simulations
shown in Figs. 1 and 2 are repeated using Argon and including
only the effects of ionizing collisions. The results are shown
in Figs. 5 and 6 for maximum Argon densities of 2x10* m™
and 10** m>. One can see that in both these simulations the
number of macro-particles does not decrease as in Figs. 1 and
2. Next, the angle of the insulator was varied while keeping
the maximum background density of Argon equal to 10** m’.
The results are shown in Fig. 7. One can see that for positive
angles the simulation is producing a result that seems to match
the well known experimental curve [13], in which the
flashover voltage increases with angle up to approximately
45° then decreases. The hypothesis explaining this behavior is
that for a field emission process from the insulator, a gas is
created at nearly the same time field emission begins.
However, the figure shows that the negative angles do not
agree with the experimental curve, which predicts an increase
in flashover voltage with decreasing angle to approximately
-45° then begins to decrease. This is presumably due to the
effect that for negative angles electrons must first strike the
insulator to cause gas desorption.

Finally, we have repeated the simulations illustrated in Figs.
5 and 6 using the added cross sections, and modified Monte
Carlo collision techniques for H;O. The maximum density for
H,0 was 3x10% m™ and 2x10** m™ for -30° and +55°. The
higher densities needed to cause flashover are presumably due
to the slightly lower ionization cross section of H,O compared
to Argon. The results are shown in Figs. 8 and 9.

In summary, the inclusion of the static gas has yielded some
of the trends observed by prior experiments for positive angles
while other physics effects are needed for negative angles. In
the future, we will implement physics modules to include the
effects of stimulated desorption and a dynamic gas.
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Fig. 5. The electrons (red), ions (blue), and E, for a -30° insulator including a
static gas (Argon) that includes ionizing collisions at different times.
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Fig. 6. The electrons (red), ions (blue), and E, for a +55° insulator including
a static gas (Argon) that includes ionizing collisions at different times.
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Fig. 8. The electrons (red), ions (blue), and E, for a -30° insulator including a
static gas (H,O) that includes elastic, inelastic, and ionizing collisions at
different times.
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